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Transition and Dielectric Slab for mm-Wave Application
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Abstract— A substrate integrated waveguide (SIW) H-plane horn
antenna loaded with tapered multistrip transition and dielectric slab is
proposed for broadband high-gain operation. The broadband character-
istic of the proposed antenna is obtained by loading a tapered multistrip
transition. The theory of coupled resonator is introduced to reveal the
mechanism of bandwidth enhancement. On the other hand, a dielectric
slab is used to enhance the gain of the proposed antenna. The optimal
length of this dielectric slab is determined based on the design principles
of a dielectric rod with maximum gain. Besides, the tapered multistrip
transition also contributes to the gain improvement by suppressing the
feed radiation and prompting the transverse expansion of the surface
wave. To verify the design theory and concept, a prototype operating
at the K- and Ka-bands is fabricated and measured. The measurement
results show that the impedance bandwidth of the proposed antenna is
from 20.6 to 38.4 GHz (60%). Within the operating band, a peak realized
gain of 19.1 dBi and excellent endfire radiation patterns with low cross
polarization (<—30 dB) and high front-to-back ratio (FBR > 20 dB)
are achieved simultaneously. With its broad bandwidth, high gain, low
cross polarization, and high FBR, the proposed antenna is promising for
various millimeter-wave applications.

Index Terms—Dielectric slab loading, horn antenna, millimeter-wave
(mm-wave) antenna, substrate integrated waveguide (SIW), tapered
multistrip transition.

I. INTRODUCTION

Horn antennas are extensively used in various systems, such as
the radar and wireless communication systems. However, the con-
ventional horn antennas are developed from bulky flared waveguide
structures, which limit their applications in the planar integrated cir-
cuits. To integrate with planar circuits, substrate integrated waveguide
(SIW)-based horn antennas were developed [1]. Unlike the bulky
metallic horn antennas, the SIW horn antenna is planar, lightweight,
and convenient to constitute antenna array. However, due to the
mismatch between the substrate and the air at the horn aperture,
the SIW horn antenna features narrow impedance bandwidth (IBW)
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and low gain [2]. To overcome these issues, a variety of efforts
have been devoted, including use of various impedance transformers
[2]-[4], ridged SIW [5], dielectric loading technique [6], various
phase correction structures [7], [8], and so on.

To the best knowledge of the authors, the maximum reported
bandwidth of nonridged SIW horn antenna remains less than 50% [4].
Some designs have achieved more than 75% IBW using the ridged
SIW technology, but multilayer substrate or stepped substrate was
essential to implement the ridged SIW, which was rather complex and
costly [5]. Regarding the gain performance, the reported single-layer
SIW horn antennas generally featured a peak gain of less than
15 dBi [6], [7]. In view of this, the aim of this work is to design
a single-layer SIW horn antenna with both broad IBW (>50%) and
high antenna gain (>15 dBi).

In this communication, a novel SIW H-plane horn antenna loaded
with tapered multistrip transition and dielectric slab is proposed. The
tapered multistrip transition is inspired by the traditional uniform
printed transition [2], but has more transition blocks which facilitate
the bandwidth improvement. The theory of coupled resonator is
used to reveal the impedance matching mechanism of the proposed
transition. Besides, a dielectric slab is used to further increase the
antenna gain. Based on the design principle of a dielectric rod
with maximum gain, the optimal length of this dielectric slab is
determined. Then, the gain enhancement of the proposed antenna is
investigated by the modal analysis of the tapered multistrip transition.
With the coexistence of the tapered multistrip transition and the
dielectric slab, wide IBW, high antenna gain, and symmetrical endfire
radiation pattern with low cross polarization and high front-to-back
ratio (FBR) are obtained simultaneously by the proposed design.
Due to these advantageous features, the proposed SIW horn antenna
can find applications in various millimeter-wave (mm-wave) systems,
such as the 5G mobile communications and high data-rate Satcoms.

II. ANTENNA DESIGN AND IMPEDANCE MATCHING
A. Design of the SIW H-Plane Horn

The geometry of the proposed SIW H-plane horn is illustrated in
Fig. 1. As shown, the antenna consists of five parts: the grounded
coplanar waveguide (GCPW), the GCPW-SIW transition, the SIW
H-plane horn, the tapered multistrip transition, and the extended
dielectric slab. All the parts are constructed on a 1.524 mm-thick
Rogers RO4003C substrate with a permittivity of 3.55 and a loss
tangent of 0.0027. The proposed SIW H-plane horn is designed
according to the theory presented in [9]. For high aperture efficiency
and gain, the optimum length of the SIW H-plane horn is given as
follows:

2
o
la =3 i ey
where A, is the guided wavelength in the dielectric substrate, and
wy is the width of the SIW horn aperture.
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Fig. 1. Geometry of the proposed SIW horn antenna. (a) Exploded view.
(b) Top view. (c) Bottom view. (Geometrical dimensions, all units are in mm:
Iy =865 1p =588, 13 =5,14 =201,15 =19,1 =63, h = 1524,
wo = 20.53, w; = 0.8, wy = 1.2, w3 =4, wg = 4.8, ws = 22, weg = 25,
g=1,and d =0.8).

B. Design of the Tapered Multistrip Transition

To improve the impedance matching between the substrate and
the air at the SIW horn aperture, printed transitions can be used.
A traditional printed multistrip transition with a fixed slot width is
shown in Fig. 2(a). The traditional printed transition was introduced
previously in [2] and [3], where it was placed after the horn aperture
to generate additional resonances. For example, the shifted resonant
frequencies fyo+ of a uniform two-block transition can be estimated
by [2]

frok = ﬁ @
where f,1 is the resonant frequency of single uncoupled block, and
ko is the coupling factor between the two blocks. Using printed
transition, the antenna IBW was successfully improved to around
16% [3]. However, the bandwidth was not further improved when
the number of transition blocks exceeded three. Conversely, adding
more blocks would result in poorer bandwidth performance [2].

To further enhance the impedance matching of printed transition
with more than three blocks, a tapered multistrip transition is pro-
posed, which greatly improves the IBW of SIW horn. The config-
uration of the proposed transition is shown in Fig. 2(b). As shown,
there are n transition blocks placed on the extended dielectric slab at
the horn aperture. Each block is constituted by a pair of parallel slots
and a pair of parallel strips. The width of the i th slot is denoted by
si @ = 1,2,...,n), while the width of the strip is denoted by 7;.
The width of each block is kept fixed as p, and its length is denoted
by ws5.

C. Impedance Matching Mechanism

Since the printed transition is viewed as a coupled resonator, only
the printed transition is taken into account to illustrate its resonant
characteristics at first. The simulation models of the traditional
uniform multistrip transition and the proposed tapered multistrip tran-
sition are presented in Fig. 3(a) and (b), respectively. The simulated
reflection coefficients of the traditional uniform transition and the
proposed tapered multistrip transition with different block numbers
n are shown in Fig. 4. As shown, the impedance matching is improved
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Fig. 2. Configuration of: (a) traditional printed multistrip transition and
(b) tapered multistrip transition.
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Fig. 3. Simulation models of (a) uniform multistrip transition and (b) tapered
multistrip transition with n blocks.
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Fig. 4. Simulated |Sq1| of both the transitions with different block numbers
n).(@n=4bn=6(c)n=8 (dn=10(p =19 mm, s = 0.1 mm,
si=s+ (@ —1) x 0.1 mm).

greatly with the increase in block numbers for the proposed tapered
multistrip transition. On the contrary, even with the use of ten blocks,
only six separated operating bands are obtained for the traditional
uniform transition as illustrated in Fig. 4(d). The reason for this
phenomenon can be explained as follows.

The resonant frequencies of printed transition are determined
by the self-resonance frequency of the uncoupled block and the
coupling factor k(; ;1) between two adjacent blocks, which are
mainly determined by the strip widths and slot widths [2]. In our
work, the tapered multistrip transition with decreasing strip widths
and increasing slot widths is used to simultaneously change the
self-resonance frequency of each block and the coupling coefficient
k(i,i+1y- With the decrease in strip widths and the increase in
slot widths, the value of k(; ;1) reduces, which decreases the
frequency gap of two adjacent resonances. As the frequency gap
of two adjacent resonances decreases, these two resonances can
be more easily merged to realize a wide bandwidth. Take the two
transitions with four blocks as an example, the corresponding |S71]
are shown in Fig. 4(a). As shown, the frequency gaps of two adjacent
resonances of the proposed tapered transition are 6.6 and 6.2 GHz,
respectively. However, the frequency gaps of the uniform transition
are 7.43 and 7.08 GHz, respectively. As expected, the bandwidth
of the tapered transition is much wider than that of the uniform
one.
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Fig. 5. Simulated |S1;| of the SIW horn loaded with/without (a) uniform
multistrip transition and (b) tapered multistrip transition (both the transitions
have ten blocks).

To investigate the effect of the two transitions on the impedance
matching of the proposed SIW horn, |Sii| of the proposed SIW
horn with and without transitions are shown in Fig. 5. As shown,
the bandwidth of the SIW horn loaded with printed transition is
determined by the resonant characteristics of both the SIW horn and
the printed transition. In Fig. 5(a), by loading uniform transition,
only seven separated narrow operating frequency bands are obtained.
On the contrary, the IBW of the SIW horn is effectively broadened
by the additional resonances of the tapered multistrip transition,
as illustrated in Fig. 5(b). Therefore, it is evident that the proposed
tapered multistrip transition can greatly enhance the poor matching of
SIW horn. Moreover, the tapered multistrip transition also contributes
to gain enhancement, which is discussed subsequently.

III. GAIN ENHANCEMENT
A. Optimum Length of the Extended Dielectric Slab

As shown in Fig. 1(a), an extended dielectric slab is placed in
front of the SIW horn aperture to improve the antenna radiation
performance. The extended dielectric slab can be viewed as a
dielectric rod. The reason for gain improvement using the dielectric
slab is that a secondary Huygens plane exists in the terminal aperture
of the dielectric slab [11]. For the extended dielectric slab, a part of
the input power is converted into the surface wave, and the efficiency
of surface wave conversion (the ratio of power in the surface wave to
the total input power) is usually between 65% and 75% [12]. The rest
of the power is directly radiated near the SIW horn aperture, which is
called as the feed radiation. Therefore, the amplitude of the electric
field along the dielectric slab starts with a hump near the SIW horn
aperture and flattens out with the increasing length of the dielectric
slab. In this case, the maximum gain would be obtained by meeting
the Hansen—Woodyard condition. This requires the phase difference
between the surface wave and the free-space wave from the feed to
be approximately 180° at the end of antenna [12]

lky —lkog == 3)
or equivalently

40 40

— =14 = 4

Ly * 21 @

where ky and ko are the wave numbers along the y-direction and
in the free space, respectively, and [ is the total length from the
horn aperture to the end of the antenna. Under the Hansen—Woodyard
condition, there is no strict requirement for the efficiency of surface
wave conversion. If the efficiency of surface wave conversion is
rather high (approximately 100%), or the feed radiation is effectively
suppressed, an ideal excitation condition with maximum gain could
be obtained [12], that is,

fo 4t

- 5
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Fig. 6. 1o/Ay for maximum-gain surface wave antennas as a function of
relative rod length //4¢.

Fig. 6 shows the relationship between 4¢g/Ay and [/4¢. As shown, for
any given length /, A¢/Zy values under the ideal excitation condition
are smaller than that under the Hansen—Woodyard condition. In [13],
experimental study shows that the terminal phase difference of a
dielectric rod can be nearly 180° for I = 204g, which satisfies
the Hansen—Woodyard condition with maximum gain. It is noted
that for the Hansen—Woodyard condition with / = 204, the value
of Ag/Ay is 1.025, which is approximately equivalent to the ideal
excitation condition with [ = 64, where 4¢/4y is 1.026. According
to the equivalence principle, the optimal length [ for the ideal
excitation condition can be selected as 64 in this case. Apparently,
for achieving a certain maximum gain, the required slab length under
the ideal excitation condition is much shorter than that under the
Hansen—Woodyard condition.

To meet the ideal excitation condition, a tapered dielectric rod was
usually used to increase the efficiency of surface wave excitation [12].
However, this will yield complex antenna structure. In this work,
a ten-block tapered multistrip transition is printed after the horn
aperture to realize the ideal excitation condition without tapering the
dielectric slab. It is found that a smooth transition from the waveguide
mode to the surface wave mode is obtained by the proposed transition,
which facilitates the realization of the ideal excitation condition.
To verify this, the operational modes of the proposed transition are
analyzed in Section III-B.

B. Modal Analysis of the Tapered Multistrip Transition

Considering that the E-field distribution along the tapered transition
is symmetrical about the middle plane of the substrate, the middle
plane thus serves as a perfect electric wall (PEC) [10], as shown in
Fig. 7(a). In this case, only the upper half part of the fields needs to
be taken into account according to the image theory. Consequently,
the height of the proposed transition can be reduced to one half with
the bottom plane replaced by a metallic ground plane. The simplified
model of the proposed transition is shown in Fig. 7(b), which can be
considered as a slotted parallel plate waveguide (PPW). The unit cell
of the slotted PPW is shown in Fig. 7(c).

The dispersion characteristics of the unit cell are calculated by
Mehdipour and Eleftheriades [14]

_ 1 _1(A+D
|ﬁeff|_pRe|:cos ( > )] (6)

where f,¢r is the effective phase constant. A and D are the elements
of the ABCD matrix of the unit cell, and p is the period of the unit
cell. It is known that the slotted PPW can support a leaky-wave mode,
a proper waveguide mode, and a surface wave mode [10]. When
|Berrlko < 1, electromagnetic (EM) waves from the slotted PPW
propagate as fast waves (leaky-wave mode) which can be radiated
from the slotted PPW. The proper waveguide mode occurs when
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Fig. 7.  (a) E-field distribution along the tapered transition at 29 GHz.
(b) Simplified model of the tapered transition. (c) Unit cell.
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Fig. 8. Dispersion diagram of the unit cell with different slot widths.

|Be ff [’k > 1 (slow wave), where most of the power is stored inside
the slotted PPW. Besides, the surface wave mode also appears in the
slow wave region, and most of surface wave power is stored at the
surface of the slotted PPW.

Based on (6), the dispersion diagram of the unit cell with different
slot widths (s) is shown in Fig. 8. Take the slot width s = 0.8 mm
as an example, the unit cell supports two modes: a leaky-wave mode
in the frequency range of 20-30 GHz and a proper mode (proper
waveguide mode or surface wave mode) in the frequency range of
30-40 GHz. The leaky-wave mode can be radiated from the slotted
PPW [14], while the proper mode guides the EM waves from the
feed to the end of antenna. When |B,¢fl/kg > 1, the leaky mode
starts to lose its physical significance, but the proper mode begins
to contribute to endfire radiation. Therefore, Fig. 8 indicates that
the operating modes for different transition blocks are varied. For
instance, at 30 GHz, the first eight blocks operate in the proper
mode, while the last two blocks work in improper leaky mode. It is
also shown in Fig. 8 that the number of blocks operating in the
proper mode increases with the increase in frequency. Apparently,
the proposed transition can support both the proper mode and the
leaky-wave mode in the frequency range of 20-33 GHz, but only the
proper mode in the frequency range of 33—-40 GHz.

Since the proper mode can guide the EM waves from the feed to
the dielectric slab, the existence of the proper mode facilitates power
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transmission along the dielectric slab. Besides, the experimental study
has shown that the leaky-wave mode contributes to the expansion
of fields [15]. The coexistence of the proper mode and improper
leaky-wave mode in the proposed transition serves two purposes.
First, with the existence of the proper mode, the majority of the power
is guided from the SIW horn to the extended dielectric slab and the
efficiency of surface wave excitation is increased, which helps meet
the ideal excitation condition and yields a maximum endfire gain.
Second, the leaky-wave mode is used to expand the equiphase region
of the surface wave in the transverse direction, thereby increasing
the size of the effective aperture at the extended dielectric slab and
consequently improving the gain.

Fig. 9 shows the magnitude of electric fields in the E-plane of
the dielectric-loaded SIW horn antenna with and without tapered
transition. As shown in Fig. 9(a), when the SIW horn is not loaded
with tapered transition, part of the power that cannot be converted
into the surface wave is radiated near the SIW horn aperture.
Consequently, the feed radiation is generated, which radiates toward
the back side of the dielectric slab and interferes with the fields
propagating in the forward direction. On the contrary, the feed
radiation is well-suppressed by the proposed transition, as shown
in Fig. 9(b). It is seen that most of the power is bounded inside
the transition attributed to the existence of the proper mode and is
guided from the horn to the dielectric slab. From Fig. 9(b), it is
also observed that the rapid decrease in feed radiation provides
more space for the surface wave to expand, which benefits the
formation of planar wavefront and high gain. For achieving higher
gain, a straighter equiphase region for the surface wave at the slab
is necessary [16]. However, the surface wave propagates along the
dielectric slab and decays vertically to it [12]. To solve this issue, the
leaky wave that is generated by the proposed transition is introduced
to realize a transverse expansion of the surface wave into the free
space. As shown in 9(b), the shape of the equiphase region for the
radiating surface wave appears to be straighter than that of the antenna
without the proposed transition in Fig. 9(a). It should be noted that
part of the power along the transition is radiated away from the endfire
direction in Fig. 9(b) at 22 GHz. The reason for this phenomenon
can be explained by Fig. 8. As can be seen in Fig. 8, only the first
two blocks of the transition operate in the proper mode, and the
remaining blocks work in the leaky mode. Therefore, feed radiation
is not perfectly suppressed by the first two blocks and can be radiated
backward.

Fig. 10 shows the gain comparison between the proposed antenna
with and without tapered transition. As shown, a maximum gain
improvement around 9 dBi is achieved using tapered transition. For
the antenna without tapered transition, the gain decreased sharply
at some frequencies because of the interference between surface
wave radiation and feed radiation. In short, with the aid of tapered
multistrip transition, feed radiation is effectively suppressed, which
helps realize the ideal excitation for an endfire antenna with maxi-
mum gain. Moreover, for achieving higher gain, a straighter equiphase
region of the surface wave around the slab is obtained by the leaky
wave that is generated by the proposed transition.

As analyzed in Sections II and III, the tapered multistrip transition
helps improve the antenna bandwidth and transform the guided wave
from the SIW to the surface wave around the dielectric slab with
expanded wavefront. Without tapered multistrip transition, the IBW
of the antenna is greatly deteriorated and antenna gain is not greatly
improved. Therefore, the high-gain merit of the proposed antenna
is accomplished by both the tapered multistrip transition and the
loaded dielectric slab. However, even without dielectric slab loading,
the antenna performance is still superior to other reported SIW horn
antennas. Although guided waves, leaky waves, and surface waves
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Fig. 12.  Simulated and measured results of the proposed antenna.

all exist in the presented design, the proposed antenna is still named
as an SIW horn antenna following the naming rules of other reported
designs [4]-[6].

IV. RESULTS AND DISCUSSIONS

Fig. 11 shows the fabricated prototype of the proposed antenna,
which is printed on a Rogers RO4003 substrate with a thickness of
1.524 mm. The simulated and measured reflection coefficients of the
proposed antenna are depicted in Fig. 12. The simulated IBW ranges
from 20.64 to 38.38 GHz with |S11| smaller than —10 dB and the
measured |Sy;| generally agree with the simulated results.

The simulated and measured gains are also plotted in Fig. 12.
As shown, the measured gain is larger than 15 dBi within the
frequency of 23.4-38 GHz, and the measured peak gain is 19.1 dBi
at the frequency of 33.5 GHz. Fig. 13 shows the simulated and
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Fig. 13.  Measured and simulated radiation patterns of the proposed SIW
H-plane horn antenna. (a) 22 GHz. (b) 29 GHz. (c) 38 GHz.

measured radiation patterns in both the E-plane and H-plane at three
different frequencies. As can be seen, stable endfire radiation patterns
are obtained across the whole bandwidth. It is worth pointing out
that the simulated cross-pol radiation in the E-plane is rather small
which cannot be shown in most of the figures. The measured cross
polarization level is below —30 dB in both the main planes. A high
FBR (>20 dB) is also obtained by the proposed antenna over the
entire bandwidth and it can even reach 35 dB at the center frequency.

To demonstrate the merits of the proposed antenna, a comparison
between the proposed antenna and other recently reported SIW horn
and dielectric rod antennas is presented in Table I. As shown in
Table I, the proposed antenna demonstrates much wider bandwidth
and higher antenna gain than other reported SIW horn antennas.
When compared with dielectric rod antennas, the proposed antenna
also has much wider IBW and higher antenna gain, while keeping
much lower profile of 0.11¢.
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TABLE I

COMPARISON BETWEEN THE PROPOSED ANTENNA AND OTHER
REPORTED SIW HORN AND DIELECTRIC ROD ANTENNAS

Peak
Ezf' ?;\;V Gain Dimensions (A\3) Key Methods
- Y9 (dBi)
3] 16 8 1.49x 1.20 x 0.09  Printed Uniform Transition
[4] 41 9.2 2.35x2.18x0.26  Perforated Dielectric Lens
65 103 581x3.02x0.18  Profiled Walls & Soft
[8] Surfaces
13.2 18 7.07 x ©0.83 Integrated Yagi-Uda and
[171 (Circular) Dielectric Rod
Rectangular Dielectric
(18] 20 17.8  5.4x0.18 x0.594 Rod
This Printed Tapered Transition
work 60 19.1 6.98>1.75>0.10 & Dielectric Loading

Ao is the free-space wavelength at the lowest operating frequency.

V. CONCLUSION

Using tapered multistrip transition and dielectric slab, a wideband
high-gain SIW H-plane horn antenna has been presented. The tapered
multistrip transition has been implemented for wideband operation
based on the theory of coupled resonator. Besides, the optimal length
of the dielectric slab is chosen as 64¢ by the design principles of a
dielectric rod with maximum gain. Moreover, the modal behaviors of
the tapered multistrip transition have been investigated to reveal the
gain enhancement mechanism. To validate the design concepts, a pro-
totype has been designed, fabricated, and measured. The experimental
results illustrate that the proposed antenna has a wide bandwidth of
60% and a high peak gain of 19.1 dBi. In addition, the proposed
antenna exhibits endfire radiation patterns with low cross polarization
and high FBR over the entire operating band. With these merits, the
proposed antenna would be a very promising candidate for various
mm-wave applications.
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